Graphene preparation by the method of chemical vapour deposition on SiC substrates is described. Despite very low growth temperature (1080 • C) and with use of methane atmosphere, carbon layers in the form of multi-layer graphene were prepared. Graphene quality was verified by means of available analytical methods: Raman spectroscopy, X-ray photoelectron spectroscopy, Van der Paw method. K e y w o r d s: graphene, CVD process, SiC
Introduction
Graphene is a promising material that can be used in numerous applications, from electronics to medicine. For electronics, highly important is the direct possibility of preparation of graphene layers on semiconductor materials, such as silicon carbide. As a standard, the method of SiC thermal dissociation sometime also called the method of epitaxial growth [1] is being used. The principal disadvantage of this method is the necessity of reaching high temperature for graphene growth, ranging from 1300 • C to 1600 • C. Certain decrease of the required temperature is offered by the method of chemical vapour deposition (CVD). Depending on the source of carbon, temperatures 900 • C(toluene - [2] ); 1200 • C(ethylene - [3] ); 1300 • C (propane - [4] ) were reached. In our work, the CVD apparatus nanoCVD-8G (Moorfield Nanotechnology Ltd) with cold-wall reactor was used; this apparatus utilizes methane as a carbon source and enables graphene growth up to temperature of 1100 • C.
Experimental details
As a substrate for graphene growth were used the 4H SiC plates, both from the Si face and from the C face, then the 6H SiC plates again from both sides, and plates 6H SI SiC were used for measuring of electrical properties. The plates were supplied by Semiconductor Wafer, Inc. Taiwan. The wafers were cut to pieces of 10 × 10 mm and cleaned via the standard process [5] .
Graphene layers were prepared in the above-mentioned apparatus, under the following conditions: the source of carbon was methane, or mixture of methane and hydrogen at various ratios, preparation temperature 1080 • C , pressure 20 Torr, methane flow 18 sccm, growth time 300-4300 s. The formed layers were analysed by Raman spectroscopy (Thermo Scientific DXR Raman Microscope, λ = 532 nm, P = 7 mW), X-ray Photoelectron Spectroscopy -XPS (Omicron Nanotechnology Ltd.) and basic electrical parameters (resistivity and mobility) were measured by the Van der Paw method.
Results
Optimization of graphene film preparation was carried out by the CVD growth at constant temperature of 1080 • C by changing growth time and the ratio of hydrogen and methane flow in the growth chamber. The principal analysis to determine, whether graphene had been prepared on the surface of substrates, was Raman spectroscopy. Figure 1 , shows a Raman spectrum of graphene prepared on 4H SiC, Si face, growth time 3600 s, and pure methane spectrum "a". From the spectrum it is evident that the prepared graphene is highly faulty (significant amplitude of the D-peak against the G-peak) and multi-layered (FLG peaks intensity ratio 2D/G = 0.47 ). This is a graphene film of the best parameters, hence the given conditions of the CVD process can be considered optimal. In numerous cases no 2D peak occurred at the Raman spectra at all, or just a small one see spectrum "b" at Fig. 1 (graphene prepared under conditions 1100 • C, 20 Torr, 1000 s, gas mixture H 2 :CH 4 = 1 : 4 ). In the course of experiments, influence of the SiC substrates face was followed as well. It was found that the Si face is more fitting for graphene growth. Quality of prepared graphene was just very slightly dependent on the type of SiC substrate. For verification of the results of Raman spectroscopy, XPS spectroscopy was used. From the obtained survey spectra Fig. 2 , it is evident that only carbon with minimal quantity of oxygen (below one percent) is found on the surface of the samples. Very weak signal of silicon coming from the SiC substrate is visible in case of electron detection under perpendicular angle. Figure 3 shows detailed XPS spectrum of carbon C 1s. The black line represents the measured spectrum, the blue line represents spectrum obtained by fitting, when the asymmetric bonding of C-C and π−π was used (red curve: C-C bonds and green curve: π − π bonds). Violet curve represents background of the measurement. The band belonging to carbon from SiC substrate is not present within the spectrum, though there is very weak band corresponding to silicone within the survey spectrum. It is highly important, that the structure contains just a very small quan-tity of oxygen, which gives evidence that practically no oxidation of graphene film takes place. The shape of Raman spectra of the formed graphene films (Fig. 1 ) may be nearing to the shape of graphene oxide [6] . The XPS measurement, however, excludes this eventuality; therefore it can be declared that carbon on the surface of SiC substrates is graphene and not graphene oxide.
Further, electrical properties were observed for the prepared graphene layers. For these measurements, semiinsulating SiC plate of high resistivity (6H SI SiC) was used. Rectangular contacts of Au(30 nm)/Cr(10 nm) had been prepared for the measurement by vacuum evaporation onto the graphene film in corners of the plates. Surface resistivity was measured at current values 0.1-1 mA, mobility was measured using magnetic field 0.43 T. Values of R = 1 kΩ and µ = 25 cm 2 / Vs are for graphene layers of the highest quality (growth time 3600 s).
Conclusions
For preparation of graphene, the CVD method was used. The substrate for growth was SiC. The given method is similar to that of thermal dissociation of SiC. The source of carbon at CVD are not the carbon atoms that remain at the SiC surface after silicon escape, but carbon atoms originating from dissociated molecules of methane. Both methods have in common the disadvantage of high growth temperature. Using the above-mentioned CVD apparatus, multi-layer graphene films consisting of at least 5 carbon monolayers of relatively high failure rate were prepared at the temperature of 1080 • C. The XPS analysis proved that graphene films show minimal quantity of oxygen. Surface resistance of the layers is 1 kΩ, electron mobility is very low due to high failure rate of the layers, maximal values of 25cm 2 / Vs were reached. Despite high failure rate, this is graphene prepared using the CVD method from methane atmosphere at the lowest temperature among those published in literature. The prepared graphene layers may be used as a base for electronic structures prepared on SiC.
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